C hest pain is a frequent presenting symptom in patients attending the emergency department, with significant resource implications for healthcare providers. 1 Although the majority of patients with chest pain do not have an acute myocardial infarction, 2 prompt and accurate exclusion of this diagnosis remains challenging in clinical practice, and unnecessary hospital admissions often result. [3] [4] [5] Guidelines from the European Society of Cardiology (ESC) support the use of high-sensitivity cardiac troponins and earlier testing to rule out myocardial infarction where concentrations are <99th centile upper reference limit at presentation in those patients with symptoms for >6 hours and at 3 hours in the remainder. 6 A similar approach was recommended by the National Institute of Clinical Health and Excellence, although concerns were raised about the generalizability of the studies evaluating the effectiveness of this approach. 7 Recent studies have demonstrated that very low cardiac troponin concentrations can help to further risk stratify patients. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Therefore, the latest European guidelines include an additional 1-hour pathway incorporating lower thresholds of cardiac troponin for risk stratification. 6 We recently demonstrated in consecutive patients with suspected acute coronary syndrome that a cardiac troponin concentration <5 ng/L at presentation had a negative predictive value (NPV) of 99.6% (95% confidence interval [CI], 99.3-99.8) for myocardial infarction during the index presentation or myocardial infarction or cardiac death at 30 days. Furthermore, patients with cardiac troponin concentrations <5 ng/L had very low rates of adverse cardiac events at 1 year. 14 Although it is clear that high-sensitivity cardiac troponins enable myocardial infarction to be ruled out earlier, the optimal approach is uncertain. Therefore, we compared the safety and efficacy of the ESC pathway based on the 99th centile alone with our clinical pathway incorporating low cardiac troponin concentrations to risk stratify patients.
METHODS

Study Population
Patients with suspected acute coronary syndrome were recruited from the emergency department of the Royal Infirmary of Edinburgh, a tertiary care hospital in Scotland, between June 1, 2013, and September 30, 2015, into a substudy of the High-STEACS trial (High-Sensitivity Troponin in the Evaluation of Patients With Acute Coronary Syndrome). All patients in whom the attending clinician requested cardiac troponin for suspected acute coronary syndrome were eligible for inclusion. We did not enroll patients with ST-segment-elevation myocardial infarction, those who were unable to provide consent, or those from outside our region to ensure complete follow-up. Blood samples were obtained at presentation and at 6 to 12 hours for high-sensitivity cardiac troponin testing as part of routine clinical care. Patients provided written informed consent for additional sampling at 3 hours with the results of testing at this time point not used to guide patient care. This prespecified analysis was restricted to those patients for whom serial samples were available ( Figure I in the online-only Data Supplement). This clinical trial was registered (NCT01852123), approved by the national research ethics committee, and conducted in accordance with the Declaration of Helsinki.
High-Sensitivity Cardiac Troponin I Assay
The Abbott ARCHITECT STAT high-sensitive cardiac troponin I assay (Abbott Laboratories, Abbott Park, IL) is a 2-step chemiluminescent assay with a limit of detection of 1.2 ng/L and coefficient of variation of <10% at 6 ng/L. 23 This assay performance has been independently validated across multiple centers under routine laboratory working conditions, with a reported interlaboratory coefficient of variation of 12.6% at 3.5 ng/L across 33 instruments. 14 What Are the Clinical Implications?
• The 99th centile is not the optimal threshold to rule out myocardial infarction at presentation or at 3 hours, and pathways based exclusively on this threshold may miss patients with myocardial infarction. • Use of the High-STEACS (High-Sensitivity Troponin in the Evaluation of Patients With Acute Coronary Syndrome) pathway, incorporating a risk stratification threshold at presentation and recognizing small but important changes in cardiac troponin within the normal reference range on serial testing, will minimize the risk of missed events. • It is important to note that the use of risk stratification thresholds identifies more patients as low risk at presentation, permitting a higher proportion of patients to be safely discharged.
individuals as 16 ng/L for women and 34 ng/L in men, 10 and from December 10, 2013, on, these thresholds were used in clinical practice.
Baseline Characteristics
Patient baseline characteristics, including chest pain characteristics, onset of symptoms, medical history, cardiovascular risk factors, medication, and clinical observations, in addition to investigations including serial 12-lead electrocardiography and cardiac imaging, were obtained from a dedicated case record form, a patient questionnaire, and the electronic patient record (TrakCare, InterSystems, Cambridge, MA). Hyperlipidemia or hypertension was defined as a history of the condition or by the use of lipid-lowering or antihypertensive therapies, respectively. Ischemic heart disease was defined as a history of angina, prior myocardial infarction, or prior coronary revascularization.
Diagnostic Adjudication
The final diagnosis was adjudicated for all patients by 2 independent physicians (A.R.C. and A.A.), with consensus from a third physician (J.A. or N.L.M.) when there was discrepancy after review of all clinical information, both noninvasive and invasive investigations, and outcomes from presentation to 30 days. Patients were classified as having type 1 myocardial infarction, type 2 myocardial infarction, or myocardial injury in accordance with the third universal definition of myocardial infarction as previously reported. 6, 14 Any cardiac troponin I concentration above the sex-specific 99th centile upper reference limit was considered evidence of myocardial necrosis. Type 1 myocardial infarction was defined as myocardial necrosis in the context of a presentation with symptoms suggestive of acute coronary syndrome or evidence of myocardial ischemia. Patients with symptoms or signs of myocardial ischemia resulting from increased oxygen demand or decreased supply (eg, tachyarrhythmia, hypotension, or anemia) secondary to an alternative pathology and myocardial necrosis were classified as having type 2 myocardial infarction. Myocardial injury was defined as evidence of myocardial necrosis in the absence of any clinical features of myocardial ischemia. Agreement for a diagnosis of type 1 myocardial infarction was very good (κ= 0.82; 95% CI, 0.75-0.89).
Clinical Outcomes
The primary outcome was a composite of index type 1 myocardial infarction or type 1 myocardial infarction or cardiac death at 30 days. We used regional and national registries in addition to individual patient follow-up at 30 days to ensure that follow-up was complete for the entire study population. All subsequent events were adjudicated with the same approach used for the index presentation. TrakCare software application (InterSystems Corp, Cambridge, MA) is a regional electronic patient record system that provides data on all hospital admissions to both tertiary or secondary care hospitals in southeast Scotland. All in-hospital and community deaths are recorded in a comprehensive national database, the General Register of Scotland. Cardiac death was defined as any death caused by myocardial infarction, arrhythmia, or heart failure.
Clinical Pathways
We compared the safety and efficacy of 2 pathways to rule out the composite outcome of index myocardial infarction and myocardial infarction or cardiac death at 30 days ( Figure 1 ). The ESC pathway rules out myocardial infarction when cardiac troponin concentrations are <99th centile at presentation in patients with symptoms for >6 hours. In patients with symptoms for <6 hours, a second troponin measurement is performed 3 hours from presentation, with myocardial infarction ruled out if cardiac troponin remains <99th centile or is >99th centile without a significant change in concentration. 6 Previously published guidance from the ESC Working Group on Acute Cardiac Care recommends use of a change in cardiac troponin concentration >50% of the 99th centile upper reference limit at 3 hours. 24 We compared the ESC pathway with the High-STEACS pathway, based on our previous observations, that uses a risk stratification threshold of 5 ng/L at presentation (see www.highsteacs.com for further information and a web-based pathway app). 14, 25 This threshold has since been externally validated in separate populations, with a recent a multicenter study across 5 independent cohorts finding that a troponin concentration of <5 ng/L had an NPV of 99.2% (95% CI, 98.8-99.5). 15 In our pathway, patients with cardiac troponin concentrations <5 ng/L at presentation are considered low risk, and myocardial infarction is ruled out without further testing unless they present early with symptom onset <2 hours from presentation; in that case, cardiac troponin is retested 3 hours after presentation. 14 Patients with cardiac troponin concentrations ≥5 ng/L at presentation are retested at 3 hours. Myocardial infarction is ruled out at 3 hours if cardiac troponin concentrations are unchanged and remain <99th centile on retesting. A change in cardiac troponin concentration was defined as an increase or decrease ≥3 ng/L at 3 hours because this is the lowest measurable concentration within the normal reference range that exceeds analytical variation of the assay. 26 This change in cardiac troponin concentration was internally and externally validated with data from the APACE (Advantageous Predictors of Acute Coronary Syndromes Evaluation) cohort ( Table I in 
Statistical Analysis
Baseline characteristics are summarized as mean (standard deviation) or median (interquartile range) as appropriate. Patients with maximal cardiac troponin concentrations ≤99th centile were compared with those >99th centile with the use of a χ 2 test or the Wilcoxon rank-sum test. The primary outcome was the NPV of each pathway using the composite end point of index type 1 myocardial infarction or subsequent type 1 myocardial infarction or cardiac death at 30 days. Because we estimated that the NPV would approach 100%, we used a bayesian approach with a Jeffreys prior (β distribution with both shape parameters equal to 0.5) because this is more robust when CIs approach 0 or 1. 27 We derived a weighted generalized score statistic to compare the NPV of the ESC and the High-STEACS pathway, as previously described. 28 We evaluated the NPV in prespecified subgroups stratified by time of symptom onset (<3, <6, or ≥6 hours), age (<65 or ≥65 years), sex, and history of ischemic heart disease. We determined absolute (hs-TnI 3hr −hs-TnI 0hr ) and relative ([(hs-TnI 3hr −hs-TnI 0hr ) / hs-TnI 0hr ]×100, where hs-TnI 0hr is high-sensitivity troponin I at presentation and hs-TnI 3hr is high-sensitivity troponin I at 3 hours) change in cardiac troponin concentration from presentation to 3 hours, and we determined sensitivity, specificity and positive predictive value (PPV) with 95% CIs using a bayesian approach as for the NPV. In a sensitivity analysis, we evaluated the NPV for a primary outcome encompassing type 1 or type 2 myocardial infarction, myocardial injury, or myocardial infarction or cardiac death at 30 days. To ensure that our findings were generalizable to those centers that do not apply sex-specific diagnostic thresholds, we evaluated the performance of both pathways using a single 99th centile upper reference limit for men and women of 26 ng/L. A further sensitivity analysis evaluated the NPV in patients without evidence of myocardial ischemia (defined as ≥2 mm ST-segment-elevation depression or new T-wave inversion) on the presenting ECG who were considered intermediate or low risk with a GRACE (Global Registry of Acute Coronary Events) score of <140. 6 We evaluated pathway efficacy by determining the number of patients ruled out at 0 and 3 hours as a proportion of the total study population, with comparison by the McNemar test for paired proportions. A 2-sided value of P<0.05 was considered statistically significant. All analyses were performed with R (version 3.2.2).
RESULTS
We identified 1218 patients with suspected acute coronary syndrome who met our inclusion and exclusion criteria (62.4±14.1 years of age; 61% male; Table 1 and Figure I in the online-only Data Supplement). The adjudicated diagnosis was type 1 myocardial infarction in 15.5% (189 of 1218), type 2 myocardial infarction in 5.5% (67 of 1218), and myocardial injury in 2.1% (26 of 1218). There were 6 subsequent type 1 myocardial infarcts and 6 cardiac deaths at 30 days. At presentation, 216 patients had troponin concentrations >99th centile, with 11.9% (145 of 1218) with type 1 myocardial infarction, 3.8% (46 of 1218) with type 2 myocardial infarction, and 2.1% (25 of 1218) with myocardial injury.
ESC Pathway
The ESC pathway ruled out 28.1% (342 of 1218) of patients at presentation and 78.9% (961 of 1218) of all patients by 3 hours. However, this approach missed 18 index type 1 myocardial infarctions (4 on presentation, 14 at 3 hours) and 2 subsequent myocardial infarctions within 30 days, for an overall NPV of 97.9% (95% CI, 96.9-98.7; Table 2 and Figure 2 ). The sensitivity of this pathway is 89.3% (95% CI, 84.9-93.5), and a summary of the missed events is provided in Table II in 
High-STEACS Pathway
In comparison, the High-STEACS pathway ruled out 40.7% of patients (496 of 1218) at presentation and 74.2% of all patients (904 of 1218) by 3 hours. There were 2 missed index type 1 myocardial infarctions (none at presentation, 2 at 3 hours) and 2 recurrent events, for an overall NPV of 99.5% (95% CI, 99.0-99.9; Table 2 and Figure 2 ). All events missed by the High-STEACS pathway were also missed by the ESC pathway. The sensitivity of the High-STEACS pathway was 97.7% (95% CI, Table III in the online-only Data Supplement.
95.5-99.5). A summary of missed events is provided in
The High-STEACS pathway identifies more patients potentially suitable for discharge at presentation after a single cardiac troponin measurement compared with the ESC pathway (40.7% [95% CI, 38.0-43.5] versus 28.1% [95% CI, 25.6-30.7], respectively; P<0.001; Figure 1) . At 3 hours, the High-STEACS pathway ruled our fewer patients than the ESC pathway (74.2% [95% CI, 71.7-76.6] versus 78.9% [95% CI, 76.5-81.1]; P<0.001). In the 57 patients ruled out at 3 hours by the ESC pathway but not the High-STEACS pathway, there were 13 missed index myocardial infarctions (22.8%).
The NPV of the High-STEACS pathway was greater than that for the ESC pathway overall (99.5% [95% CI, 99.0-99.9] versus (97.9% [95% CI, 96.9-98.9]; P<0.001) and for all prespecified subgroups (Table 2 and Figure 2 ). In the subgroup of patients who presented within 3 hours of symptom onset, there were more false negatives and the NPV was lower with the ESC pathway (9 false nega- In patients with an index type 1 myocardial infarction missed by the ESC pathway, the median change in cardiac troponin concentration between presentation and 3 hours was 5.5 ng/L (interquartile range, 4.0-13.3 ng/L). The majority of these patients (16 of 18) were not ruled out at 3 hours by the High-STEACS pathway because the change in cardiac troponin concentration was ≥3 ng/L ( 
Sensitivity Analyses
In a sensitivity analysis, we evaluated both pathways using a single 99th centile upper reference limit for men and women of 26 ng/L. The performance of both pathways was similar, with an NPV of 97.7% (95% CI, 96.6-98.5) for the ESC pathway (20 missed index type 1 myocardial infarctions and 2 missed events at 30 days) and 99.4% (95% CI, 98.8-99.8) for the High-STEACS pathway (3 missed index type 1 myocardial infarctions and 2 missed 30-day events). The ESC pathway missed a similar proportion of men and women (10 men, 12 women).
We performed a further sensitivity analysis excluding patients with evidence of myocardial ischemia on the ECG or with a GRACE score >140 (n=224), of whom 71 had an index type 1 myocardial infarction. The diagnostic accuracy of both pathways improved. The ESC pathway still missed 13 index and 1 subsequent event (NPV, 98.3%; 95% CI, 97.3-99.0), whereas the High-STEACS pathway missed only 1 index and 1 subsequent event (NPV, 99.7%; 95% CI, 99.2-99.9; P<0.001).
We evaluated the diagnostic performance of both pathways for a composite end point incorporating an index diagnosis of type 1 or type 2 myocardial infarction, myocardial injury, or myocardial infarction or cardiac death at 30 days. The High-STEACS pathway missed an additional 5 events, whereas the ESC pathway missed an additional 9 events (High-STEACS: NPV, 99.0% [95% CI, 98.2-99.5], 9 false negatives: 2 index type 1 and 5 index type 2 myocardial infarctions, 2 type 1 myocardial infarctions at 30 days; ESC: NPV, 96.9% [95% CI, 95.8-97.9], 29 false negatives: 18 index type 1 and 9 index type 2 myocardial infarctions, 2 type 1 myocardial infarctions at 30 days).
DISCUSSION
In patients with suspected acute coronary syndrome, we describe a clinical pathway using low cardiac troponin concentrations within the reference range to risk stratify patients. This approach identifies more patients as low risk at presentation and has a better overall NPV than guideline-approved pathways based solely on the 99th centile. Implementation of this pathway has the potential to improve the efficiency and safety of early rule-out approaches for patients with suspected acute coronary syndrome.
We make a number of important and clinically relevant observations. First, we demonstrate that the High-STEACS pathway misses fewer patients with an index diagnosis of myocardial infarction or myocardial infarction or cardiac death events at 30 days than the pathway approved by the ESC (4 versus 20 missed events). Second, the NPV of our pathway is 99.5% and better than that of the existing ESC pathway across all prespecified subgroups. In particular, the ESC pathway was less effective in men, those with a history of ischemic heart disease, and those presenting early after the onset of symptoms. Third, in patients without an elevated troponin concentra-tion at presentation, the High-STEACS pathway identified half as low risk with a single measurement compared with a third identified with the established pathway. This is despite being safer and missing fewer patients with an index myocardial infarction.
The ESC guideline recommends the use of high-sensitivity cardiac troponin assays, and its central algorithm advises that the 99th centile be used as the threshold to rule in and rule out myocardial infarction at presentation and at 3 hours. 6 However, the 99th centile may not be the optimal threshold to rule out myocardial infarction, and our observations suggest that this threshold does not provide an acceptable NPV or sensitivity (97.9% [95% CI, 96.9-98.7] and 89.3% [95% CI, 84.9-93.5], respectively). The performance of the ESC pathway is improved by inclusion of a risk stratification threshold and recognition that changes in cardiac troponin concentration within the reference range are important. In a large external validation cohort, we report that more than two thirds of patients with troponin concentrations above our risk stratification threshold at presentation can be safely ruled out at 3 hours if troponin concentrations are unchanged (<3 ng/L), with no missed diagnosis of type 1 myocardial infarction.
Our findings are consistent with a recently published evaluation of the ESC pathway that reported a NPV of 99.0% (95% CI, 98.1-99.5) and sensitivity of 93.2% (95% CI, 87.5-96.8) in a pooled analysis of 5 international cohorts. 22 It is important to note that this analysis included lower-risk patients without ischemia on the ECG. In practice, risk stratification and early rule-out pathways are likely to be applied only to patients without overt myocardial ischemia on the ECG. 25 However, interpretation of the ECG may be subjective and dependent on clinician experience; therefore, we included all patients in our evaluation to ensure that our safety estimates were conservative. Likewise, many clinicians use risk stratification tools to identify patients suitable for early discharge. Although the ESC guidelines do not advocate use of GRACE score for this purpose, it is widely used and is recommended to guide further investigation in patients in whom myocardial infarction has been ruled out. When we restricted our analysis to patients with no significant ST-segment depression or T-wave inversion on the ECG and GRACE scores of <140, we observed a modest improvement in the NPV of the ESC pathway (98.3%; 95% CI, 97.3-99.0), although even in this lower-risk group, the ESC pathway was inferior to the High-STEACS pathway (NPV, 99.7%; 95% CI, 99.2-99.9). Although the inclusion of all patients in the primary analysis ensures that our safety estimates are conservative, it is important to highlight that in clinical practice, careful clinical assessment and risk assessment are mandatory for all diagnostic pathways. In implementing our pathway, we recommend that patients with overt myocardial ischemia on the ECG at presentation be admitted for further assessment ( Figure  II in the online-only Data Supplement).
Pickering and colleagues 22 used a single diagnostic threshold for myocardial infarction (26 ng/L) in both men and women, although a sensitivity analysis showed that the performance of the ESC pathway was similar with the use of sex-specific thresholds. In our analysis, we observed a reduction in the performance of the ESC pathway in men evaluated with the same assay with sex-specific thresholds (34 ng/L in men, 16 ng/L in women; 15 missed events and 5 missed events, respectively). In our sensitivity analysis, use of a single diagnostic threshold of 26 ng/L in men and women did not improve the overall performance of the ESC pathway. In contrast, the safety of the High-STEACS pathway was robust across both sexes and all prespecified subgroups of patients. Although the use of sex-specific thresholds in pathways that rely on the 99th centile remains contentious in clinical practice, risk stratification thresholds are not influenced by sex 14 ; therefore, a single threshold can be applied equally to risk stratify men and women at presentation.
The efficacy of early rule-out pathways is also an important consideration. We demonstrate that the High-STEACS pathway ruled out a higher proportion of patients than the ESC pathway at presentation (40.7% versus 28.1%; P<0.001). Although our pathway rules out fewer patients at 3 hours (74.2% versus 78.9%; P<0.001), of the additional 57 patients ruled out by the ESC pathway, 1 in 5 (22.8%) was incorrectly ruled out and had an index diagnosis of type 1 myocardial infarction identified on subsequent testing. By identifying those patients with a change in cardiac troponin concentration (≥3 ng/L) from presentation to 3 hours and undertaking further testing, the High-STEACS pathway would not miss any of these events. This highlights the value of high-sensitivity cardiac troponin assays, which permit the identification of small but important changes in troponin concentration within the normal reference range and allow refinement in the risk stratification of patients with suspected acute coronary syndrome. The only disadvantage of our pathway is that in prioritizing safety, the specificity and PPV for a diagnosis of myocardial infarction are lower than for the ESC pathway at 3 hours (4% and 7%, respectively). Specificity is also important, but in our view, it need not be prioritized in early rule-out pathways. In patients we identify who require hospital admission, the diagnosis of myocardial infarction is best determined by demonstrating a rise and fall in cardiac troponin concentration over 6 to 12 hours.
The latest ESC guidelines have introduced a 1-hour pathway that incorporates a risk stratification step using high-sensitivity cardiac troponin concentrations within the reference range. 6 This approach shows promise and has been validated with both high-sensitivity troponin I and high-sensitivity troponin T assays, with an NPV of 99.6% (95% CI, 98.4-100) and 99.1% (95% CI, 98.2-99.7), respectively. 18, 19 However, to the best of our knowledge, no previous studies have directly compared pathways that use a risk stratification step with low cardiac troponin concentrations with those based exclusively on the 99th centile. Further studies are needed to compare the efficacy and safety of retesting at 1 and 3 hours in pathways that incorporate a risk stratification threshold.
One of the limitations of these studies, including our own, is that they are observational in nature and enroll selected patients rather than all consecutive patients. Indeed, because no patients were discharged on the basis of pathway decisions, the true efficacy and safety of this approach are unknown. The ESC pathway recommends repeat testing in patients who present within 6 hours of symptom onset. Although the inclusion of patients who present early is a strength of our study, fewer patients may be ruled out at presentation by the ESC pathway as a consequence. At present, clinicians do not have evidence from prospective randomized controlled trials to inform their practice. 29 Therefore, we are conducting a multicenter, stepped-wedge, cluster randomized trial to determine the efficacy and safety of our pathway ( Figure II in the onlineonly Data Supplement) in unselected consecutive patients across Scotland (URL: http://clinicaltrials.gov. Unique identifier: NCT03005158). The outcome of this trial will help to inform our practice and provide an evidence base for future recommendations on the use of high-sensitivity cardiac troponins to risk stratify patients with suspected acute coronary syndrome.
CONCLUSIONS
The High-STEACS pathway, incorporating low cardiac troponin concentrations to risk stratify patients, rules out more patients on presentation and misses fewer index or recurrent myocardial infarctions than guideline-approved pathways based exclusively on the 99th centile. Implementation of this pathway has the potential to improve the efficiency and safety of early rule-out approaches for patients with suspected acute coronary syndrome. 
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